A Multi-objective optimization methodology has been applied in the optimization of polymer injection molding process. This allowed the optimization of the operating conditions of the process from mold flow simulations, taking into consideration the existence of 5 criteria simultaneously, such as temperature difference on the molding at the end of filling, the maximum pressure, the pressure work, the volumetric shrinkage and the cycle time. The results produced shown that the proposed methodology is an efficient tool to be used in the optimization of this process.
Introduction
The injection molding process is one of the most important polymer processing technologies used to manufacture a great variety of plastics parts of high complexity and with tight dimensional tolerances. Injection molding of polymeric materials is a complex process involving several phases, such as plasticating (solids conveying, melting), melt flow (injection), pressurization (holding) and cooling/solidification. This, together with the viscoelastic nature of the polymeric materials, strongly affects the quality of the final molded parts.
The thermomechanical environment imposed to the polymer is determined by the operating conditions, the system geometry and the polymer properties. The final part morphology obtained, which determines their dimensions, dimensional stability and final properties, is controlled by the thermomechanical conditions defined by the process [1, 2] . Therefore, due to the high number of variables involved and the strong interaction between them and the end product properties, the definition of the best operating conditions to use in a specific processing situation is a complex task. Sophisticated modeling programs, able to predict the process response to the operating conditions defined, have been used for that purpose in an iterative way [3, 4] . The user defines some tentative processing conditions for the process under study and then these solutions are evaluated using the modeling routines in terms of the relevant criteria previously defined. If the desired response is not satisfactory the user defines new operating conditions, taking into account the Célio Fernandes . António J. Pontes . Júlio C. Viana . A. Gaspar-Cunha * IP C-Institute for Polymer and Composites, Dept. of Polymer Engineering, University of Minho, Campus de Azurém, 4800-058 Guimarães, Portugal e-mail: {cbpf, pontes, jcv, agc }@dep.uminho.pt results obtained for the previous ones, and the process continues until an acceptable performance is attained [3, 4] .
However, this trial-and-error process is strongly dependent on the ability of the user to define the operating conditions to be tested. Thus, it is of great importance the application of an automatic optimization methodology able to define the operative window for the injection molding process without minimal user intervention.
Various optimization strategies using different methodologies to optimize the injection molding process have been reported in the literature [5] [6] [7] [8] [9] . Kim et al. [5] used Genetic Algorithms (GA) to optimize the processing variables (mold and melt temperatures and filling time) based on pre-defined criteria. The performance of the process was quantified using a weighted sum of the temperature difference, "overpack" and frictionally overheating criteria. Lotti and Bretas [6] applied Artificial Neural Networks, ANN, to predict the morphology and the mechanical properties of an injection molded part as a function of the processing conditions (mould and melt temperatures and flow rate). A central composite design of experiments approach was used to predict the molding morphology as a function of the processing conditions using the MoldFlow software. Castro et al. [7] used ANN and data envelopment analysis (i.e., statistical analysis) to find the optimal compromise between multiple performance measures to define the setting of injection molding variables and the gate location. Peic and Turng [8] used three different optimization algorithms (evolution strategies, differential evolution and simulated annealing) to optimize the injection molding processing conditions as a function of cycle time and volumetric shrinkage, using as restrictions the clamping force, the injection pressure and the temperature of the part at ejection. The relation between the processing conditions and the optimization criteria was performed with the CMOLD software. Finally, Alam et al.
[9] applied a Multi-Objective Evolutionary Algorithm (MOEA) to optimize the shrinkage of the molding and perform the runner balancing. optimized the mechanical properties of injection molded parts using an MOEA approach.
In this work an optimization methodology based on MOEA is used for optimizing the operating conditions (melt and mold temperatures, injection flow rate, switchover point, holding time and pressure) in injection molding. This problem was not solved in the previous works above identified. A study about the performance of the proposed methodology using various optimization criteria has been carried out. The MOEA was linked with an injection molding simulator (CMOLD), which is able to compute the optimization criteria as a function of the defined operating conditions and able to take into account, simultaneously, the system geometry and polymer properties.
Multi-objective Evolutionary Algorithms
The use of computer simulations on the design stages of engineering plastic components for the injection molding process is very frequent [3, 4] . Initially, a finite element mesh representative of the part geometry is defined, the materials are selected, the gate location is defined and the initial processing variables are introduced. Then, after launching the simulation the outputs are analyzed. A trial-anderror process is applied, where the initial conditions, in what concerns geometry,
